Background: The study of myofiber reorganization in the remote zone after myocardial infarction has been performed in 2D. Microstructural reorganization in remodeled hearts, however, can only be fully appreciated by considering myofibers as continuous 3D entities. The aim of this study was therefore to develop a technique for quantitative 3D diffusion CMR tractography of the heart, and to apply this method to quantify fiber architecture in the remote zone of remodeled hearts.
Background
The microscopic arrangement of myofibers constrains the diffusion of water molecules such that their mobility is not the same in all directions. Diffusion Tensor MR Imaging (DTI) represents the 3D distribution of this mobility as a tensor field. In the heart, water diffuses preferentially along myofibers, allowing fiber orientation to be resolved with diffusion-encoded cardiovascular magnetic resonance (CMR) [1] [2] [3] [4] [5] . At each voxel, the principal direction of diffusion is indicated by the primary eigenvector of the tensor. The integration of these eigenvectors into coherent streamlines allows fiber tracts in the heart to be visualized as continuous and functional anatomical entities [6] . Tractography of the heart, however, remains a highly qualitative technique. The purpose of this study was thus to 1) develop a novel set of tools, designed specifically for quantitative tractography in the heart across a range of species, scales, and image resolutions and 2) use these tools to study fiber architecture in the remote zone of remodeled hearts.
Here, we introduce a novel quantitative framework based on the myofiber helix angle (i.e. inclination angle out of the short axis plane of the left ventricle) to characterize 3D fiber anatomy in the heart. We demonstrate that significant changes in the helix angle (HA) are seen in the apical and basal portions of myofibers as they adapt to the shape of the left ventricle (LV). A statistical classification framework based on the HAencoded streamlines is introduced, and a technique to measure tract coherence in cardiac tractography datasets is described. Using these techniques, we demonstrate that significant changes in myofiber organization occur in the remote zone of an infarct as the heart dilates and remodels. To the best of our knowledge, this is the first description of fiber reorganization in the remodeled LV using quantitative and whole-heart 3D tractography.
Methods

Experimental protocol
A total of 20 hearts were studied with full institutional approval: human (n = 5), rat (n = 5), sheep (n = 5), and infarcted sheep (n = 5). Prior to euthanasia, the sheep and rats were injected intravenously with heparin to prevent clot formation in the heart. The excised hearts were perfused and rinsed in normal saline. The human hearts were harvested from organ donors and flown to our institution in a preservative solution on ice. All hearts in the study were perfused-fixed in 4% paraformaldehyde and imaged ex vivo. We, and others, have previously shown that fixation does not change fiber orientation in the myocardium [1, 2, [6] [7] [8] [9] [10] [11] [12] [13] .
Large anteroseptal infarcts were created percutaneously (3-hour balloon occlusion of the mid left anterior descending coronary artery) in the second group of sheep hearts 3 months prior to euthanasia. The 3-month time point was chosen to ensure that the remodeling process would be fully evolved. Infarction was confirmed visually, as well as through voltage mapping of the left and right ventricles. To evaluate the degree of post-infarct remodeling, volumetric analysis of the LV cavity was performed using the T2weighted (b=0 s/mm 2 ) images for each normal and infarcted sheep heart. Diffusion CMR tractography was used to characterize fiber organization in the lateral wall of each heart. The fiber architecture of each species was compared, and furthermore differences between normal myocardium and the remote zone of remodeled hearts were quantified.
The hearts were immersed in a fluorocarbonmatching medium (Fomblin, Ausimont, NJ) and imaged on a clinical 3T MR scanner (TRIO, Siemens, Erlangen, Germany). DTI was performed using a fat-suppressed single shot spin echo EPI (echo planar imaging) sequence, oriented along the short axis of the LV. Diffusion encoding gradients were placed on either side of the 180-degree refocusing pulse to produce a b-value of 2000 s/mm 2 . Other parameters included voxel-size = 2 × 2 × 2 mm 3 , TR/TE = 8430/96 ms, and a flip angle of 90 degrees. 50-70 slices (without gaps) were acquired in the short axis of the LV to cover the entire heart. Six diffusion-encoding directions were acquired with 24 averages, producing a total scan time of approximately 30 minutes.
DTI of the rat hearts was performed on a 4.7T scanner (Biospec, Bruker, Billerica MA) with a 400 mT/m gradient insert, a tailored solenoid radiofrequency coil, and a diffusion-encoded 3D fat-suppressed spin echo EPI sequence. Image resolution was set to 400 × 400 × 400 μm 3 , TR/TE was 1500/40 ms, 24 diffusion-encoding directions with 2 averages were used, and the b-value used was 1866 s/mm 2 .
Fiber tracking
Analysis of the data was performed using the dynamic programming language Python in integration with C++ and the Visualization Toolkit (VTK) libraries. For each voxel in the 3D datasets, we computed a dyadic tensor comprising the primary, secondary, and tertiary eigenvectors (ê 1 , ê 2 , and ê 3 ) and their associated eigenvalues (λ 1 > λ 2 > λ 3 ). Fiber bundles were created by integrating the primary eigenvector field into streamlines using a fourth-order Runge-Kutta algorithm with a step length equivalent to one-fourth of the voxel size. A propagation angle (i.e. angle between adjacent streamline vectors) of greater than 35 degrees was used as the single termination criterion. This angle-transition threshold has been used in prior tractographic reconstructions of the heart and brain [14, 15] .
Rationale for tractography-based HA classification
Myofiber HA, the inclination angle that the fiber makes out of the short axis plane of the LV (Figure 1A) , is the measure commonly used to describe myofiber architecture [1] [2] [3] [4] [5] . Fibers in the subendocardium have a positive HA, those in the midmyocardium are circumferential, while those in the subepicardium have a negative HA ( Figure 1B -D). As shown in Figure 1B , HA along a given myofiber can vary substantially. Here, by classifying myofibers as continuous 3D entities, we move beyond voxel-based analysis to a regional evaluation of myocardial microstructure.
A statistical framework was developed to determine how to optimally describe a continuous myofiber tract in terms of HA. The HA assigned to each tract was defined in one of two ways: 1) a discretized approach in which voxel-based HA values were assigned along the tract, and 2) a statistical approach in which a single HA was computed and assigned to the entire tract based on HA statistics along the tract ( Figure 2 ). The HA value assigned to the tract under this latter technique could be defined by the minimum, maximum, median, or mean HA along the tract (Figure 2 ). This statistical HA classification framework was used to derive a measure of tract coherence in cardiac datasets, the tractographic coherence index (TCI).
Derivation of the tractographic coherence index (TCI)
The determination of the TCI is based on the maximum, median, and minimum HA classifications of myofibers within a ROI, the dimensions of which were 1460 ± 370 mm 3 in the human hearts, 590 ± 140 mm 3 in the sheep hearts and 86 ± 17 mm 3 in the rat hearts. An example of this classification is shown at the midmyocardium (f mid ) in Figure 3 . To obtain the maximum, median, and minimum HA curves, a two-step process is performed independently for each statistical HA classification. First, the average of each HA classification is calculated in the base to apex direction of the ROI at each voxel. This creates a two-dimensional average HA map for each classification, which is again averaged in the anterior-posterior direction, producing 3 transmural HA curves. The generated curves describe the transmural gradients in the maximum, median, and minimum myofiber HA. This process is performed, firstly, by considering fiber length limited to πR and secondly to the dimensions of the ROI. The TCI is then defined as the reciprocal of the normalized quadratic error of the differences in the minimum (HA min ) and maximum (HA max ) from the median (HA med ) HA profiles across the myocardium and is given by:
The TCI values were calculated for normal and remodeled myocardium across different fiber lengths and image resolutions. The goals of this index are 1) to assess the quality of tractographic datasets and 2) to determine whether changes in myocardial microstructure following infarction occur in a coherent fashion.
Tissue sectioning and microscopy
Histological validation of the DTI-derived HA values was performed using phase-contrast microscopy. Tissue specimens from the lateral wall of each sheep heart (n=10) were embedded in paraffin and sectioned into 5-μm-thick slices tangential to the epicardial surface of the heart. Sections were obtained at 6 equidistant transmural levels from epicardium to endocardium. Phase-contrast microscopy was performed on the sections at 100 × magnification using an Olympus IX51 microscope (Center Valley, PA USA). Images were acquired under the bright field filter, natural contrast, and optimal exposure settings.
To quantify the HA from the histologic sections, microscopy images were analyzed through a Hessian matrix-based algorithm [16] allowing the fibers' local orientations and interstitial spaces to be identified from local intensity information. Hence, regions of coherent orientation were identified as locations depicting local extrema of the principal intensity curvatures. As a result of this process, line segments representing fibers and interstitial spaces were extracted and subsequently eroded to yield segments of single pixel thickness. The HA was then computed to quantify the angle between each connected segment and the horizontal axis. A mean value of HA was computed for all segments resulting in an average HA for each transmural section.
Results
Statistical HA classification of normal hearts
Fibers limited to a transmural region of interest (ROI) placed in the lateral wall at the mid-ventricular level of normal human, sheep and rat hearts are shown in Figure 4 . The same three hearts are shown in Figure 5 , with fiber length limited to half the LV circumference (πR). Discrete HA encoding ( Figure 5B , 5E, 5H) reveals that the HA is steeper in the mid-ventricular region of myofibers and flattens (more circumferential) as the fiber approaches the apex and base of the LV. Fiber organization in the three species is extremely similar, with the endocardial and epicardial fibers crossing over each other with an angle of 100-120 degrees. Classification of myofibers by their median HA, rather than by the discrete HA, resulted in only a small reduction in the transmural HA range.
Architectural reorganization in remote zone
Tractography was performed in the lateral wall of normal human, normal sheep, and infarcted sheep hearts. End-systolic volume on the T2-weighted images was, on average, 111% higher in the infarcted than the normal sheep hearts, consistent with extensive remodeling [17] . Fiber tracts in the lateral wall of a normal human, normal sheep, and infarcted sheep heart (remote zone) are shown in Figure 6 . No substantial differences can be seen between the discrete, median, and minimum HA classifications in normal human and sheep hearts with minor variation in HA along most of their fiber length. Fiber organization in the lateral wall (remote zone) of the infarcted sheep hearts, however, differs significantly from that in normal human and sheep hearts. The subepicardial fibers in the remote zone are more circumferential (yellow rather than red) than those in the normal hearts, and have lost a significant portion of their obliquity. This fiber reorganization between normal and infarcted sheep hearts is manifested by a positive HA shift in the discrete, median, maximum, and minimum HA classifications.
The positive (rightward) shift in fiber architecture in the remote zone was confirmed histologically (Figure 7 ). In the normal hearts ( Figure 7A ), fiber HA was fairly symmetric around the midmyocardium, whereas in the remote zone of the infarcted hearts ( Figure 7B ), a strong rightward shift was observed. A plot of average histological HA in the lateral wall of the normal and infarcted sheep hearts is shown in Figure 7C . Histological HA (mean ± SD) in the most epicardial level (level 6) was −52.03 ± 2.94 degrees in the normal hearts The determination of the TCI is based on the maximum, median, and minimum HA classifications of myofibers within a ROI. This classification is depicted for myofibers in the midmyocardium (f mid ). The maximum, median, and minimum HA curves are derived by averaging each HA classification successively in the base-apex and anterior-posterior directions of the ROI at each voxel. This creates the 3 transmural HA curves. The generated curves describe the transmural gradients in the maximum, median, and minimum myofiber HA, and are derived with fiber length limited to πR or the ROI. In the midmyocardium and subepicardium, the curves lie close to each other, consistent with highly coherent tracts, whereas in the subendocardium, tract coherence is lost due to the effect of the papillary muscles and trabeculations. and −37.48 ± 4.05 degrees in the remote zone of the infarcted hearts (p < 0.05, Mann-Whitney). The differences in the histological HA shown in Figure 7C were significant (p < 0.05) at all transmural levels except for the most subendocardial level (level 1).
Histograms of myofiber HA in the lateral wall are shown in Figure 8 . The fibers have been classified by their median, minimum, or maximum HA values, and limited in length to πR or to a transmural ROI. In the human hearts, fibers ranged from −60 to +60 degrees, and were symmetrically arranged around zero with little skewness (Figure 8A, 8D) . A similar symmetric arrangement around zero was seen in the normal sheep hearts, but with a slightly lower overall range of −50 to +50 degrees ( Figure 8G, 8J ). Histograms of fiber architecture in the remote zone, however, showed a marked positive shift in myofiber HA. This rightward shift in the remote zone was quantified by calculating the HA variance ratio (i.e. ratio between the variance of the negative HA values and that of the positive HA values in the median HA histogram). With fiber length set to πR ( Figure 8M ), the HA variance ratio (mean ± SD) was 0.96 ± 0.16 in the normal sheep hearts versus 0.22 ± 0.08 in the remote zone of the infarcted sheep hearts (p < 0.05, Mann-Whitney). With fiber length constrained to the ROI ( Figure 8N ), these ratios were 0.99 ± 0.10, and 0.27 ± 0.10, respectively (p < 0.05, Mann-Whitney).
TCI in normal and infarcted hearts
TCI plots in the lateral wall of normal human, normal sheep, and the remote zone of infarcted sheep hearts are shown in Figure 9 . In the normal hearts, the median HA curve (gray) encloses similar areas above (positive HA) and below (negative HA) the horizontal axis, and the zero-crossing of the curve occurs close to the midmyocardium. In the remote zone of the infarcted hearts, however, the median HA curves (gray, Figure 9C , 9F) undergo a transmural positive shift in HA. Hence, the zero-crossing is displaced towards the subepicardium, which results in a loss of transmural balance between positive and negative HA fibers. The reorientation of myofibers in the remote zone was manifested by large rightward shifts in the minimum and maximum HA curves as well. The reorganized myofibers in the remote zone remain highly coherent and are not characterized by abrupt deviations or dispersions in HA.
Average TCI values in the lateral wall of human, sheep, and rat hearts are shown in Figure 9G , 9H. When fiber length was set to πR, TCI values (mean ± SD) were 0.44 ± 0.20, 0.50 ± 0.20, and 0.35 ± 0.26 in the normal human, sheep, and rat hearts, respectively. The TCI value in the remote zone of the infarcted hearts was 0.48 ± 0.13. When fiber length was limited to a small ROI, TCI values were 3.30 ± 1.72, 2.07 ± 1.06, and 2.44 ± 1.16 in the normal human, sheep, and rat hearts, respectively. The TCI value in the remote zone of the infarcted hearts was 2.55 ± 1.44. No significant differences in TCI values were seen between normal myocardium and the remote zone of infarcted hearts, consistent with the uniform quality of the datasets and the coherent nature of the fiber reorganization in the remodeled hearts.
As shown in Figure 9 , TCI values between species are similar and should be greater than 0.1 when fiber length is equal to πR, and even higher with shorter tract lengths. A slight degree of HA incoherence along myofiber tracts is normal because the HA along the fiber fluctuates at the apex and base. In addition, the orientation of the HA in the papillary muscles and trabeculations can be highly variable. However, TCI values lower than 0.1 reflect large variations in HA and may suggest either noisy data or myofiber disorganization due to disease. TCI values in the remote zone were similar to normal myocardium, indicating that the rightward reorientation in fiber architecture was coherent and occurring with little dispersion in HA along the entire length of the fiber.
Discussion
The application of tractography in the heart has been limited and largely qualitative [4, 9, 14, [18] [19] [20] [21] . Here, we introduce a statistical framework to quantify 3D tractography of the myocardium. We demonstrate that fiber HA can vary significantly along a myofiber tract, and that fiber classification by median HA provides a robust measure of 3D myofiber architecture. Using this quantitative technique, we demonstrate that fiber architecture in the remote zone of an infarct differs significantly from fiber architecture in normal myocardium.
A symmetrical distribution of fibers with positive (subendocardial) and negative (subepicardial) helix angles has been reported in most species [1] [2] [3] [4] [5] 8, 9, [21] [22] [23] [24] [25] . This symmetrical pattern was seen in the normal sheep hearts, but was lost in the remote zone of infarcted hearts where a HA maps (B, E, H) show that HA is highest in the midventricular portion of a given myofiber and decreases as the fiber approaches either the base or the apex. Only a slight reduction in HA range is produced by median HA classification (C, F, I). The reduction in HA range with mean HA classification (D, G, J) is slightly larger. significant rightward shift in fiber orientation was observed. This shift could be detected by visual inspection of the fiber tracts, was quantified using histograms of myofiber HA, and was confirmed by histology. The TCI values in the remote myocardium, however, did not differ from those obtained at the identical location in the lateral wall of normal myocardium. This indicates that the rightward shift in fiber orientation within the remote zone occurred in a coherent fashion along the length of the myofiber.
Myofiber organization in the remote zone after myocardial infarction has not been extensively studied. A 2D DTI study in pigs documented an increase in lefthanded fibers in the remote zone of anterior infarcts [5] . Two studies have used in vivo 2D DTI to evaluate fiber orientation in the remote zone of patients with myocardial infarcts [26, 27] . In both, a significant reduction in left-handed fibers was documented in the remote zone. These in vivo 2D human studies are thus in strong agreement with the results of our study, which also show a reduction in left-handed fibers in the remote zone. Here, we introduce a 3D tractographic approach to complement and extend the observations made in these prior 2D DTI studies [26, 27] . This 3D integrative technique offers the advantage of considering myofibers as continuous 3D entities when quantifying the architectural reorganization that accompanies myocardial infarction.
The cause of the fiber reorganization in the remote zone of infarcted hearts will require further study. We hypothesize that dilation of the LV imposes the greatest microstructural stress on the fibers closest to its outer surface, where radial distance from the center of the LV is highest. These subepicardial fibers must elongate further to adapt to the new outer circumference of the dilated LV. Without sufficient elongation, the subepicardial fibers are forced to lose obliquity and assume a more circumferential orientation. The rightward shift was greatest in the subepicardium and midmyocardium, but was observed in all layers of the remote zone in our study (Figure 7) . Regardless of the nature of this remodeling process, the rightward reorientation of myofibers in the remote zone may contribute to the progressive loss of function over time. Future work will focus on the integration of 3D tractography and myocardial HA Histograms in a normal human heart with fiber length limited to πR (A-C) and the dimensions of a small ROI (D-F). HA histograms of a normal and an infarcted (remote zone) sheep heart have been superimposed (G-L). The histogram of the normal heart is in mauve, the remote zone is in bright red, and areas where the histograms overlap are in dark red. The histograms in the remote zone are significantly shifted to the right, both with fiber length limited to πR (G-I) and the ROI (J-L). The variance ratio (i.e. the ratio between the negative and positive variance in the median HA histogram) is significantly reduced in the remote zone, consistent with the rightward HA shift, both when fiber length is limited to πR (M) and to the ROI (N). strain, which will likely provide powerful insights into the relationship between myocardial structure and function.
Conclusions
In this study, we provide a quantitative framework that systematically classifies continuous fiber tracts in the myocardium. Median, minimum and maximum HA are used in the current scheme, however our approach supports the use of statistical indices including HA variance and momentum analysis. Further investigation will determine the level of incremental value derived from the use of these and other indices. The strength of the developed approach is demonstrated here by its ability to detect changes in myofiber organization in the remote zone of remodeled hearts. The method we describe is robust, and has the potential to promote tractography of the myocardium from a qualitative technique to a quantitative one. This study, thus, constitutes an important step towards the standardization, broader use, and greater utility of diffusion CMR tractography in the heart.
Furthermore, this quantitative framework may enhance the understanding of the underlying myocardial architectural properties involved in the post-myocardial infarction remodeling process. 
